The entrance channel potentials of the prototypical polyatomic reaction family X + CH 4 → HX + CH 3 (X = F, Cl, Br, I) are investigated using anion photoelectron spectroscopy and high-level ab initio electronic structure computations. The pre-reactive van der Waals (vdW) wells of these reactions are probed for X = Cl, Br, I by photodetachment spectra of the corresponding X − -CH 4 anion complex. For F-CH 4 , a spin-orbit splitting (∼1310 cm −1 ) much larger than that of the F atom (404 cm −1 ) was observed, in good agreement with theory. This showed that in the case of the F-CH 4 system the vertical transition from the anion ground state to the neutral potentials accesses a region between the vdW valley and transition state of the early-barrier F + CH 4 reaction. The doublet splittings observed in the other halogen complexes are close to the isolated atomic spin-orbit splittings, also in agreement with theory. Photodetachment spectroscopy of a stable anion to produce a neutral reactive system has been proven to be a powerful probe of key properties of the reactive potential energy surface, such as the pre-reactive van der Waals (vdW) well and/or the reaction transition state (TS).
The entrance channel potentials of the prototypical polyatomic reaction family X + CH 4 → HX + CH 3 (X = F, Cl, Br, I) are investigated using anion photoelectron spectroscopy and high-level ab initio electronic structure computations. The pre-reactive van der Waals (vdW) wells of these reactions are probed for X = Cl, Br, I by photodetachment spectra of the corresponding X − -CH 4 anion complex. For F-CH 4 , a spin-orbit splitting (∼1310 cm −1 ) much larger than that of the F atom (404 cm −1 ) was observed, in good agreement with theory. This showed that in the case of the F-CH 4 system the vertical transition from the anion ground state to the neutral potentials accesses a region between the vdW valley and transition state of the early-barrier F + CH 4 Photodetachment spectroscopy of a stable anion to produce a neutral reactive system has been proven to be a powerful probe of key properties of the reactive potential energy surface, such as the pre-reactive van der Waals (vdW) well and/or the reaction transition state (TS). [1] [2] [3] [4] [5] [6] [7] The sensitivity of this technique to probe these aspects of the reactive potential depends on the position of the anion vibrational wave function with respect to the vdW well and/or TS.
Examples where the power of this spectroscopy has been demonstrated include F + H 2 , 3, 4 Cl + H 2 /D 2 , 7 X + HX (X, X = F, Cl, Br, I). [8] [9] [10] [11] The extension to the X + CH 4 reactions, where X is a halogen, is currently underway in the laboratory of Neumark 12, 13 for F and Cl and also by us. This work complements the beautiful crossed molecular beam studies of the F + CH 4 and Cl + CH 4 reactions. [14] [15] [16] [17] [18] [19] Furthermore, our work presents the first characterization of the seemingly similar Br and I + CH 4 reactions.
In this communication we report a joint experimental and theoretical study of the low-resolution photodetachment spectra of the anions X − -CH 4 (X = F, Cl, Br, I) and determine the regions probed on the neutral reactive potentials.
The X − -CH 4 anions are stable complexes with single Hbonded equilibrium structures. Following the early work of Novoa et al., 20 who reported the first computed interaction energies for X − -CH 4 (X = F, Cl, Br, I), Bieske and co-workers studied the infrared spectra of X − -CH 4 . terization of the saddle point of the F + CH 4 reaction. 26 The F + CH 4 reaction has an early saddle point, 26 , 27 whose structure slightly overlaps with that of the F − -CH 4 anion; thus, it seems to be possible to probe the TS region of F + CH 4 by the photodetachment of F − -CH 4 as shown in Fig. 1 and discussed in detail later. For Cl-CH 4 system, previous work showed that the anion equilibrium geometry overlaps with that of the vdW complex in the reactant valley, 23, 24, 28 which was confirmed by the slow electron velocity-map imaging (SEVI) spectrum of Cl − -CH 4 reported by Neumark.
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The experiments were conducted on a home-built set-up consisting of a time-of-flight (TOF) mass spectrometer and a magnetic-bottle photoelectron spectrometer, which has been described elsewhere. 29 Briefly, the X − -CH 4 (X = F, Cl, Br, I) cluster anions were produced in a laser vaporization source by ablating a rotating, translating KX (X = F, Cl, Br, I, respectively) target with the second harmonic (532 nm) laser of a Nd:YAG laser, while the CH 4 gas with 5 atm. backing pressure was allowed to expand through a pulsed valve over the target. The formed cluster anions were mass analyzed by a TOF mass spectrometer. The cluster anions of interest were mass selected by a mass gate and then decelerated before photodetachment by the fourth harmonic (266 nm) of a second Nd:YAG laser. The flight time of the photoelectrons was measured by the magnetic-bottle photoelectron spectrometer. The electron binding energies (EBE) were obtained as usual by EBE = hν − EKE, where hν is the photon energy, and EKE is the kinetic energy of the photoelectron. The photoelectron spectra were calibrated with known spectra of F − , Cl − , Br − , and I − . The photoelectron spectra of X − and X − -CH 4 (X = F, Cl, Br, I) taken with 266 nm photons are shown in Fig. 2 and the observed spectra data are listed in vertical detachment energy (VDE) shifts of X − -CH 4 relative to the VDEs of the corresponding X − are shown in Fig. 3 . The anions were produced in supersonic beams; thus, they stay at their vibrational ground state. Therefore, each peak in the spectra corresponds to a transition from the ground vibrational state of the anions to the ground or excited electronic states of the corresponding neutral system. The doublet features of the spectra show the energy difference between two electronic states of the neutral system. The error bar of the experimental results is determined to be ±0.020 eV (±0.010 eV for the splittings); thus, we cannot resolve the vibrational features corresponding to large amplitude motions (hindered rotations and intermolecular stretchings) of the neutral system. Note that Neumark and co-workers have probed F − -CH 4 13 and Cl − -CH 4 12 by SEVI and found interesting spectral peaks whose assignment is still "a work in progress."
In order to understand the doublet spectral peaks, the equilibrium structures of the anions as well as the locaRelative Photoelectron Intensity 32, 33 with the aug-cc-pVNZ [N = 2(D), 3(T), 4(Q)] correlation consistent basis set family of Dunning and co-workers. 34, 35 The MRCI+Q computations provided the entrance channel potentials for the A 1 and E (assuming C 3v symmetry) non-relativistic electronic states as well as the three doubly degenerate spin-orbit (SO) states (e.g., see Fig. 4 ), which are involved in the dynamics of the X + CH 4 reactions. The computed structures and energetics of the stationary points of the X − -CH 4 and X-CH 4 potentials are presented in Table II . The SO states and the SO splittings as a function of the C-X distance of the neutral systems are shown in Fig. S1 in the supplementary material (SM). 36 Further computational details are given in the footnote of Table II as well as in the SM. 36 The F + CH 4 reaction has an early saddle point (F-H b -CH 3 ) SP , whose structure slightly overlaps with that of F − -CH 4 , though the anion has longer H b -F distance (1.844 Å) than the saddle point value (1.628 Å). Furthermore, (F-H b -CH 3 ) SP has C s symmetry with F-H b -C ≈ 150
• , whereas the point-group symmetry of F − -CH 4 is C 3v . (The energy difference between the C s and C 3v (F-H b -CH 3 ) SP is, however, only a few cm −1 .) The H b -F distance at the shallow vdW minima (F-H b -CH 3 ) vdW is about 2.6-2.8 Å; thus, the structure of F − -CH 4 corresponds to a configuration between the vdW and SP regions of the F + CH 4 reaction. Indeed the VDE shift between F − -CH 4 and F( 2 P 3/2 ) (2420 cm −1 ) is larger than the D 0 value of F − -CH 4 (2337 cm −1 ); thus, the experiment probes the neutral potential above the reactant asymptote by about 100 cm −1 , which is less than the SO-corrected barrier height (∼270 cm −1 ) as expected considering the above mentioned structural parameters.
Computations show that the X + CH 4 (X = Cl, Br, and I) reactions have late barriers, with increasing classical heights of 2711, 6402, and 10574 cm −1 , respectively, and the corresponding saddle-point structures do not overlap with those of the anions (see Table II ). The CH 4 geometries in the anion complexes are almost free CH 4 equilibrium structures [r(CH) = 1.088 Å], whereas the CH b distances of (X -H b -CH 3 ) SP are 1.407, 1.687, and 1.972 Å for Cl, Br, and I, respectively. Therefore, in these cases the anion photodetachment measurements probe the vdW regions of the neutral reactions. Indeed, the anion structures overlap with the corresponding (X-H b -CH 3 ) vdW structure, though the X-H b distances are slightly shorter in the anions in all the cases of X = Cl, Br, and I. The measured VDE shifts between X -CH 4 ( 2 P 3/2 ) and X( 2 P 3/2 ) are 940, 670, 400 cm for X = Cl, Br, and I, respectively (see Table II ). These results indicate that the experiments access the vdW wells for Cl, Br, TABLE II. Computed structures (in Å and degrees) and relative energies (dissociation energies and barrier heights in cm −1 ) of the X − -CH 4 anion complexes as well as the entrance-channel vdW complexes and the saddle points of the X + CH 4 reactions (X = F, Cl, Br, I). The SO splittings in the photodetachment spectra of X − -CH 4 and X − provide very useful information about the regions where the neutral potentials are probed. The most interesting case is the X = F, where the measured SO splitting between F( 2 P 3/2 ) and F*( 2 P 1/2 ) is 0.050 eV (404 cm −1 ) whereas the spectrum of F − -CH 4 is split by 0.163 eV (1310 cm −1 ). The measured doublet splitting of the F-CH 4 complex is larger than the SO splitting of F by ∼0.113 eV, which is quite significant. Fig. 4 shows the computed SO splitting as a function of the C-F separation. As seen, the measured SO splitting of F-CH 4 nicely corresponds to the computed splitting considering vertical transitions from the anion potential to the neutral SO surfaces. The SO splitting also reveals that we do not probe the vdW valley, since the splitting would be very close to the atomic limit in the vdW well. Furthermore, the computations predict an even much larger doublet splitting at the saddle point indicating that the photodetachment does not access the saddle point. The schematic of F − -CH 4 → F-CH 4 + e − is shown in Fig. 1 , where, as indicated, the anion wave function is projected on to the neutral surface in a region between the vdW well and the reaction saddle point.
For X = Cl, Br, and I, the measured SO splittings of the X-CH 4 complexes are larger than the splittings of X by only ∼0.015, 0.008, and 0.006 eV, respectively, in good agreement with theory as shown in Fig. S1 of the SM. 36 These are much smaller than in the case of F-CH 4 (∼0.113 eV), showing that we probe the vdW regions of the Cl, Br, I + CH 4 reactions (see Fig. 5 ).
Overall, the combination of anion photoelectron spectroscopy experiment and ab initio electronic structure computations presents a clear picture of the entrance channel potentials of X + CH 4 → HX + CH 3 (X = F, Cl, Br, I) reactions. The spin-orbit splitting information of the F + CH 4 reaction is confirmed for the first time. The nice agreement between the experiment and theory indicates that the theoretical methods used here can also be extended to other similar reactions.
